ABSTRACT. We chronically catheterized 15 newborn lambs (9.5 f 2.8 days) and measured the distribution of cardiac output by the radionuclide-microsphere technique at hematocrits ranging from 10 volumes % to 55 volumes %. Seven animals were made progressively anemic and eight polycythemic by means of exchange transfusions. Cardiac output and heart rate increased with decreasing hematocrit while whole body oxygen consumption showed a small decrease during severe anemia. Both cerebral and cardiac blood flow markedly increased during anemia which assured a relatively stable oxygen delivery to both organs. The changes seen for blood flow to the carcass (skin, bones, and muscle) were predictable from the effects of blood viscosity: small decreases in flow at the highest hematocrits and small increases in flow at the lowest hematocrits. Consequently, oxygen delivery was as low as 1 ml of oxygen/min/100 g at a hematocrit of 10 volumes %. Renal blood flow remained unchanged while oxygen delivery fell when hematocrit was decreased. Hepatic oxygenation was measured using a modification of the Fick principle. Hepatic blood flow showed only a small decrease as hematocrit increased and changed minimally during anemia resulting in a falling delivery of oxygen with anemia. A stable hepatic oxygen consumption was assured by a marked increase in oxygen extraction during anemia. Two differing organ responses to changes in hematocrit can be seen in the newborn: the brain and heart vary blood flow to assure an adequate delivery of oxygen while a number of other organs show less blood flow regulation and, most likely, vary oxygen removal from blood. Over a wide range of hematocrits, compensatory responses occur in the newborn which effectively prevent the development of tissue hypoxia. (Pediatr Res 20: 1274-1279, 1986 The physiologic responses that occur with isovolemic anemia and polycythemia reflect the continual interplay between the requirements for tissue oxygenation and the rheologic effects of changes in blood viscosity. While information is available concerning the changes in the distribution of cardiac output for both the fetus (1) and adults (2-8) with anemia and polycythemia, there are little data for the newborn. Two patterns of organ blood flow response can be seen in conditions of decreased oxygen availability: the brain, heart and adrenal glands meet their oxygen requirements by increasing organ blood flows; the majority of other organs regulate the extraction of oxygen by varying capil- lary density and the oxygen diffusion gradient. When both oxygen content and blood viscosity are changing, complex physiologic adjustments are clinically important for the maintenance of a stable oxygen delivery to the organs of the newborn. Both anemia and polycythemia can occur from a variety of causes related to chronic and acute events during pregnancy and delivery. Understanding the limits within which adequate tissue oxygenation occurs offers both prognostic and therapeutic possibilities in the care of infants, especially as we try to determinate the optimal hematocrit for sick newborns.
Blood Flow and Oxygen Delivery to the Organs of the Neonatal Lamb as a Function of Hematocrit
ABSTRACT. We chronically catheterized 15 newborn lambs (9.5 f 2.8 days) and measured the distribution of cardiac output by the radionuclide-microsphere technique at hematocrits ranging from 10 volumes % to 55 volumes %. Seven animals were made progressively anemic and eight polycythemic by means of exchange transfusions. Cardiac output and heart rate increased with decreasing hematocrit while whole body oxygen consumption showed a small decrease during severe anemia. Both cerebral and cardiac blood flow markedly increased during anemia which assured a relatively stable oxygen delivery to both organs. The changes seen for blood flow to the carcass (skin, bones, and muscle) were predictable from the effects of blood viscosity: small decreases in flow at the highest hematocrits and small increases in flow at the lowest hematocrits. Consequently, oxygen delivery was as low as 1 ml of oxygen/min/100 g at a hematocrit of 10 volumes %. Renal blood flow remained unchanged while oxygen delivery fell when hematocrit was decreased. Hepatic oxygenation was measured using a modification of the Fick principle. Hepatic blood flow showed only a small decrease as hematocrit increased and changed minimally during anemia resulting in a falling delivery of oxygen with anemia. A stable hepatic oxygen consumption was assured by a marked increase in oxygen extraction during anemia. Two differing organ responses to changes in hematocrit can be seen in the newborn: the brain and heart vary blood flow to assure an adequate delivery of oxygen while a number of other organs show less blood flow regulation and, most likely, vary oxygen removal from blood. Over a wide range of hematocrits, compensatory responses occur in the newborn which effectively prevent the development of tissue hypoxia. (Pediatr Res 20: 1274 Res 20: -1279 Res 20: , 1986 The physiologic responses that occur with isovolemic anemia and polycythemia reflect the continual interplay between the requirements for tissue oxygenation and the rheologic effects of changes in blood viscosity. While information is available concerning the changes in the distribution of cardiac output for both the fetus (1) and adults (2) (3) (4) (5) (6) (7) (8) with anemia and polycythemia, there are little data for the newborn. Two patterns of organ blood flow response can be seen in conditions of decreased oxygen availability: the brain, heart and adrenal glands meet their oxygen requirements by increasing organ blood flows; the majority of other organs regulate the extraction of oxygen by varying capil-lary density and the oxygen diffusion gradient. When both oxygen content and blood viscosity are changing, complex physiologic adjustments are clinically important for the maintenance of a stable oxygen delivery to the organs of the newborn. Both anemia and polycythemia can occur from a variety of causes related to chronic and acute events during pregnancy and delivery. Understanding the limits within which adequate tissue oxygenation occurs offers both prognostic and therapeutic possibilities in the care of infants, especially as we try to determinate the optimal hematocrit for sick newborns.
The purpose of the present experiments was to investigate the changes in organ blood flow and oxygen delivery in healthy newborn lambs made acutely anemic or polycythemic. The particular methodology employed in this experimental model afforded us the opportunity to obtain an approximation of hepatic oxygen consumption without additional instrumentation. Because the liver must obtain a significant portion of its oxygen delivery from portal venous blood, the mechanisms available to assure adequate tissue oxygenation assume added importance. Hepatic hypoxia has been suggested as one possible etiologic factor in the hypoglycemia seen in polycythemic infants (9) . Disturbances in hepatic oxygenation may also contribute to the hyperbilirubinemia seen in a number of neonatal conditions involving circulatory disturbances. It is for these reasons that we have chosen to present the additional data on the oxygen consumption of a single organ, the liver. Hematocrit changes were performed by isovolemic exchange transfusions through chronically implanted indwelling catheters in order to eliminate the effects of hyper-or hypovolemia.
METHODS
Animal preparation. We anesthetized 15 lambs, 2-10 days of age with 10 ml/kg of intramuscular ketamine (Ketalar, ParkeDavis) with supplemental doses as required. In each lamb we surgically implanted two polyvinyl catheters into the abdominal aorta via the hind limb arteries; two catheters into the inferior vena cava with one advanced above the diaphragm and the other mid-abdominally, both via hind limb veins; a catheter into the portal sinus via the umbilical vein; and catheters into the left and right ventricles; via the left common carotid artery and external jugular vein, respectively. All catheters were filled with 0.9% saline solution containing heparin (100 p/ml), tunneled subcutaneously to the flank and externalized into a pouch. Postoperative recovery ranged from 3-8 days during which the lambs were fed ad libitum by their mothers. The animals were taken daily to the laboratory for conditioning and the catheters were flushed with a saline and heparin solution. Benzathine penicillin and streptomycin antibiotic prophylaxis were given for the first 3 postoperative days.
Experimentation protocol. Each lamb was placed into a large wood and plexiglass box and fasted for 3 h. The ambient temperature was kept at -21°C. We then performed three to five measurements of organ blood flow, oxygen delivery, total body where QG1 was the sum of the blood flows to the stomach, small and hepatic oxygen consumption, and extraction at various intestine, and colon. hematocrit levels over 4-6 h. A Beckman R-6 1 1 recorder continHepatic oxygen consumption (vL02) was calculated using a uously measured systemic arterial and portal venous pressures, modification of the Fick principle: using Statham P23Db pressure transducers, and heart rate by cardiotachometer. After determining the hematocrit bv the mi-
crocapillary centrifugation technique, we simultaneo;sly withdrew blood samples from the arterial and portal venous catheters for the analyses of pH, PO2, and PC02 (blood gas meter, Instrument Laboratories) and oxygen content (Lex-02-Con, Lexington Instruments). An oxygen content analysis was also made on blood samples from the right ventricle. Immediately after sampling we injected 2-5 x lo5, radionuclide labeled (CeI4', Cr5', I'25, Nb9', S C~~, SrS5), diameter microspheres into the left ventricle while withdrawing a reference blood sample from the femoral arterv catheter at 3.7 mllmin for 90 s. usinn a Harvard pump. For hkmatocrits less than 15%, 7.5 ml/min-withdrawal rate was used (10) . Total blood volume removed for blood sampling and microsphere withdrawal per experiment averaged 13 ml, which was replaced by the subsequent exchange transfusion. To vary the hematocrit, we performed exchange transfusions (simultaneous infusion and withdrawal through the venous and arterial catheters, respectively) over 10 min and waited 40-60 min for stabilization and equilibration before repeating the measurements. The first seven lambs were made progressively anemic (lowest hematocrit = 10%) by receiving newborn lamb plasma and/or maternal plasma (diluted 15% by volume with 0.9% saline solution to give comparable total protein concentrations). We made the remaining eight lambs polycythemic (highest hematocrit = 54.5%) by infusing lamb red blood cells when available or a 50%:50% mixture of maternal and fetal red blood cells.
Tissue handling and data calculation. All lambs were killed with an overdose of pentobarbital sodium. Each lamb was autopsied in order to confirm the positions of the catheters. All organs and the carcass were incinerated at 280" C for 72 h after which the ashed tissues were packed into counting vials (1 1). The amounts of each radionuclide in the organs, carcass, and reference arterial blood samples were measured with a y scintillation counter (model 1185R Searle Analytic) and a multichannel pulse-height analyzer (Ultima 11, Norland). Nuclide isotopes were separated and blood flows were calculated by computer (Nova 111, Data General; average error in calculation of corrected counts/minute for each isotope was less than 5 %) (1 2). Reference arterial blood samples contained more than 1500 microspheres to ensure that the error in any blood flow measurement was less than 5% at the 95% confidence limits (13) .
Calculations. Blood flow and cardiac output were calculated with the reference sample blood flow technique (1 1): where cpm is the radioactive counts/min in an organ or reference arterial blood flow sample and Qref is the reference arterial blood flow as determined by calibration of the withdrawal pump. Cardiac output was the sum of the individual organ blood flows. Liver blood flow (QL) was calculated using the relationship where QHA was hepatic arterial blood flow, Qpv was portal venous blood flow, and QHv was hepatic venous blood flow. Since the only microspheres reaching the liver (L) were those distributed by the hepatic artery, then:
and QpV was the sum of the arterial blood flows to the organs drained by the portal system CPm~p~een + pancreas + mesenteries = Qa + cpm,,f where vLo2 was the oxygen consumption of the liver, DL02 was the total quantity of oxygen delivered to the liver via the portal vein (QPV.CPV02) and the hepatic artery (QHA'CHAOZ) and CHV02 was the oxygen content in hepatic venous blood. Although we measured hepatic arterial and portal venous flows and oxygen contents, the difficulty of obtaining a well-mixed hepatic venous blood sample in an unanesthetized animal precluded direct measurement of CHVO2 (14) . Nevertheless, we could calculate CHV02 because where Q/rJc; was the blood flow in the thoracic portion of the inferior vena cava (equivalent to arterial blood flows to all structures below the diaphragm), CIVC,02 was the oxygen content of blood in. the thoracic portion of the inferior vena cava, Qlvca was the blood flow in the abdominal portion of the inferior vena cava (equivalent to arterial flow to all structures below the diaphragm excluding QL) and CIVC,02 was the oxygen content of blood in the abdominal portion of the inferior vena cava. All the terms in the right-hand portion of the equation were measured [a detailed validation of this method is given by Edelstone and Holzman (I 3)].
Whole body O2 uptake = (cardiac output) (CA02 -CRV02) where C,02 and CRVO2 were the oxygen concentration in aortic and right ventricular blood, respectively.
Blood flow and oxygenation data for the gastrointestinal tract in this series of animals have been previously published (15) .
Data analysis. Arterial oxygen contents, organ blood flows, organ oxygen deliveries, as well as hepatic oxygen consumption (~~0~) and hepatic oxygen extraction (VL02/DL02) and cardiac output were plotted against hematocrit. We defined the mathematical relationships between independent and dependent variables using the least squares method based on covariance analysis (16) . The advantage of this statistical method is that it takes into account the individual responses of the animals. A probability of p < 0.05 (two tailed) was judged to be statistically significant.
RESULTS
We performed 59 experiments on 15 newborn lambs. Nine lambs had four consecutive measurements obtained, while three lambs had five measurements and three lambs had three measurements. There were no statistical differences between those lambs made anemic and those made polycythemic as far as their mean day of study (9.5 f 2.8 days, mean * SD), weight at the time of study (4.65 f 1.24 kg), or initial hematocrit (27.7 f 7.6 ~01%). Similarly, the two sets of lambs were comparable at the beginning of the study for mean arterial blood pressure (67.5 k 10.4 mm Hg), blood oxygen contents (1 1.7 f 3.9 vol%), and total body oxygen consumption (15.8 f 4.0 ml/min/kg). At no time during the study was there any significant change in blood gases or pH. 
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HEMATOCRIT (Yo) Fig. 1 . u, the continuous relationship between cardiac output and changes in hematocrit; n = 59 points from 15 lambs. 6, the relationship between whole animal oxygen consumption and hematocrit. There is a statistically significant decrease in oxygen consumption at lower hematocrits; n = 59 points from 15 lambs.
HEMATOCRIT (%) Fig. 2 . a, the relationship between cerebral blood flow and changes in hematocrit; n = 59 points from 15 lambs. b, the relationship between cerebral oxygen delivery and changes in hematocrit; n = 59 points from 15 lambs.
The strikini increase in cerebral blood flow at decreased hematocrits is shown in Figure 2a . Although the four highest points occurred in two lambs, all of the lambs made anemic showed a consistent increase in blood flow as hematocrit was decreased (y 20036, r = -0.68, p <0.001). In the most extreme case, = 57.8 + -x2 blood flow increased from 89 ml/min/100 g of brain at a hematocrit of 30 volumes % to 329 ml/min/100 gm of brain at a hematocrit of 10 volumes %. Oxygen delivery to the brain is shown in Figure 2b . While there was a significant relationship between the hematocrit and oxygen delivery, preservation of oxygen delivery occurred throughout the range of hematocrits studied (y = 7.3 + 0.1x, r = 0.39, p < 0.01). The findings for cardiac blood flow (Fig. 3a) demonstrated a pattern similar to that seen for brain with a marked increase at lower hematocrits 78250, r = 0 . 7 9 ,~ c0.001). However, oxygen delivery (y = 47.6 + -x2 (Fig. 3b) remained stable throughout the hematocrit range with no suggestion of a decreasing delivery at the lowest range of hematocrits.
For the analysis of hepatic oxygenation a total of only 36 determinations on 12 larnbs was used because the inferior vena cava catheter was not correctly located in the remaining studies. The entire data set was used for blood flow and oxygen delivery calculations. Total hepatic blood flow (Fig. 4a) showed a small decrease as hematocrit was increased while at lower hematocrits there was a fairly wide scatter of values (y = 268.7-0.04 x2, r = -0.45, p < 0.01). Since the changes in blood flow were rather limited as hematocrit decreased, oxygen delivery markedly decreased (Fig. 4b) to approximately 6 ml of oxygen/min/100 g of liver at a hematocrit of 10 volumes %. Oxygen delivery increased with increasing polycythemia. The overall relationship between hematocrit and oxygen delivery was curvilinear with a less step increase in blood flow at the higher hematocrits (y = 123.5 -Lnx 161 (-), r = -0.80, p < 0.001). Hepatic oxygen consumption J; . .- (Fig. 5a) was maintained throughout the range of hematocrits. In order to maintain a stable oxygen consumption at a time when delivery of oxygen decreased, there was a steep increase in oxygen extraction as the hematocrit decreased (Fig. 5b) . At the lowest hematocrit, 80% of the oxygen delivered was consumed HEMATOCRIT (%) Fig. 3 . a, the relationship between cardiac blood flow and changes in hematocrit; n = 59 points from 15 lambs. b, the lack of a relationship between cardiac oxygen delivery and hematocrit; n = 59 points from 15 lambs. Fig. 4 . a, the relationship between total hepatic blood flow and changes in hematocrit; n = 59 points in 15 lambs. b, the relationship between total hepatic oxygen delivery and changes in hematocrit; n = 59 points from 15 lambs. Fig. 5 . a, the lack of relationship between hepatic oxygen consumption and hematocrit; n = 36 points from 12 lambs. b, the relationship between hepatic oxygen extraction (oxygen consumption divided by oxygen delivery x100) and changes in hematocrit; n = 36 points from 12 lambs.
HEMATOCRIT (%)

A linear relationship (y = 29.8-0.31x, r = -0.67, p < 0.001) existed for blood flow to the carcass (Fig. 6a) over the entire range of hematocrits. The increase of flow at the lower hematocrits was inadequate to preserve oxygen delivery (y = 7.3 -6.0 1 + Lnx (-77 ), r = -0.76, p < 0.001) at a stable level (Fig. 6b) . . resulting in deliveries as low as 1 ml of oxygen/min/100 g of carcass at a hematocrit of 13 volumes %. In those animals made polycythemic, oxygen delivery remained stable throughout the entire range of hematocrits.
Renal blood flow (Fig. 7a) remained unchanged (mean = 298 + 78 ml/min/100 g) regardless of the hematocrit. Thus, oxygen delivery (Fig. 76 ) is described by a linear relationship (y = 2.8 + 1.2 x, r = 0.82, p < 0.001) with deliveries as low as 10 ml of oxygen/min/100 g of kidney at a hematocrit of 10 volumes %. Two other organs, the spleen and lung, showed a similar pattern of response as hematocrit was changed. Blood flow to both organs demonstrated a small increase at the lower hematocrits and a more marked decrease in flow at the higher hematocrits. In both cases, oxygen delivery was maintained until the hematocrit fell below approximately 18 volumes %.
Concomitant with the changes in organ blood flow there were also small changes in the distribution of flow as a function of the total cardiac output. Both cerebral and cardiac blood flow accounted for a statistically significant increase in the percent of cardiac output directed to them as the hematocrit was decreased below 20 volumes %. The average (f. SD) cerebral blood flow, as a percent of cardiac output, at a hematocrit > 20 volumes % was 3.9 + 1.2% while it was 5.5 + 2.7% at a hematocrit 5 2 0 volumes %. Cardiac blood flow accounted for 8.6 f. 4 .6% of cardiac output at a hematocrit 5 20 volumes % while it accounted for 4.7 + 1.2% of cardiac output at a hematocrit over 20 volumes %. There were no other significant alterations in the distribution of cardiac output to the remainder of the organs during anemia or to any organs during polycythemia.
DISCUSSION
It is critical for the newborn to be able to assure an adequate oxygen delivery to a wide variety of organs during periods of HEMATOCRIT (%) Fig. 6 . a, the relationship between carcass blood flow and changes in hematocrit; n = 59 points from 15 lambs. b, the relationship between carcass oxygen delivery and changes in hematocrit; n = 59 points from 15 lambs. Fig. 7 . a, the lack of relationship between renal blood flow and hematocrit: n = 59 points from 15 lambs. b, the linear relationship between renal oxygen delivery and changes in hematocrit; n = 59 points from 15 lambs. anemia or polycythemia. A change in hematocrit, without accompanying hyper-or hypovolemia, directly influences oxygen availability by a change in the oxygen content of blood. At the extremes of hematocrit, viscosity may influence an organ's ability to meet its oxygen requirements because of either sludging or a maldistribution of red blood cells. One explanation for the maintenance of oxygen consumption during periods of altered oxygen availability is the metabolic theory of blood flow regulation (17) . This theory states that cellular oxygen flux is the controlled variable rather than blood flow. A constant influx of oxygen intracellularly is maintained by precapillary sphincters which adjust the available capillary surface for oxygen diffusion and by terminal arterioles which affect local perfusion. Adjustments can be made in the capillary surface area, the intercapillary distance, or the PO2 gradient such that more oxygen is removed from the perfusing blood. It is also possible for total perfusion to the organ to increase. The dynamic relationship at the tissue level between the availability of oxygen and the demand for oxygen is thought to determine which adjustments will occur (1 8).
In the present series of experiments, 1-to 2-wk-old lambs were made either anemic or polycythemic by isovolemic exchange transfusions in order to examine the entire spectrum of cardiovascular adjustments. The limiting factor in extending the range of hematocrits studied was the inability of lambs to survive for an extended period of time with hematocrits less than 12 volumes % or greater than 60 volumes %. When the hematocrit is decreased to between 10-15 volumes %, the total quantity of oxygen in arterial blood (-5-6 ml of oxygen/100 ml) approaches a critical point below which tissue hypoxia occurs. Furthermore, at such low hematocrits, the experimental model is too unstable to study blood flow reliably by the microsphere technique. Similarly, at hematocrits greater than 60 volumes %, there appears to be an interference with oxygenation. This may well represent the point at which viscosity markedly increases in the blood of lambs (1 9). Nevertheless, the present experiments include a wide range of hematocrits which have important clinical applicability.
The curvilinear relationship between cardiac output (and heart rate) and hematocrit reflects the total compensatory adjustments required to assure an adequate oxygen delivery to the various organs of the neonatal lamb. Two different forces are operating, especially at the extremes of hematocrit. Tissue-specific vasomotor tone and blood viscosity may act in concert or in opposition to each other. The overall changes in the newborn lamb are similar to those described in adult animals (20, 2 1) but differ from that described in the fetal lamb. Specifically, fetal cardiac output and heart rate do not increase, as they do in newborns and adults, when hematocrit is decreased to as low as 12 volumes % (1). While a number of other compensations at the tissue level are occurring at low hematocrits, it appears that fetal cardiac output is near maximal even at physiologic hematocrits. The finding of a decreasing whole body oxygen consumption as hematocrit is decreased is in keeping with our understanding of the relationship between the high metabolic needs of the newborn and its ability to meet these needs under extreme circumstances. Various experimental protocols have been employed to assess the interrelationship between neonatal age and size, hemoglobin type and concentration, and metabolic demand and their impact on whole body oxygen consumption (22) . Because each of these factors is rapidly changing in the newborn, it is impossible to derive a single hematocrit or hemoglobin concentration at which oxygen consumption decreases. Furthermore, the diversity between individual animals accounts for the necessity to use an analysis of covariance to demonstrate a decreasing oxygen consumption. While the present data would not support a strong relationship between decreasing hematocrit and oxygen consumption, both previous experiments and the present data do indicate some inability of the newborn to maintain a stable oxygen consumption during a period of severe anemia.
The marked changes seen in both cerebral and cardiac blood flow with anemia confirm the importance of blood flow for the maintenance of oxygen consumption in these organs. While the delivery of oxygen to these organs was, for the most part, preserved, the scatter of individual responses suggests other uncontrolled variables in effect at low hematocrits. The clinical significance of increased cerebral and myocardial blood flow at low hematocrits (or during hypoxemia) cannot be overstated. Interventions that interfere with this compensation such as systemic vasodilators (23) , may have unanticipated effects. The influence of polycythemia on cerebral blood flow was small in the present study but this probably represents the minimal number of animals studied at the highest hematocrits. The delivery of oxygen was well maintained and the overall findings are consistent with the work of Rosenkrantz et al. (25) . The influence of an increased hematocrit on myocardial blood flow is clearer from the present data. The lowest blood flow measurements occurred in the lambs with the highest hematocrits. Oxygen delivery, paralleling the findings for brain, remained stable. Su rjadhana et al. (7) showed unchanged myocardial blood flow in adult animals with even higher hematocrits but their experimental design differed greatly from the present studies. In the fetal lamb, both cerebral and myocardial blood flow increased in animals studied at comparably increased hematocrits (1) but these fetuses developed arterial hypoxemia at hematocrits above 40 volumes %. Much as in the present experiments, cerebral and myocardial oxygen delivery remained stable during polycythemia.
The blood flow response of the carcass, an amalgum of tissues including skin, bone, and muscle, represents what might be predicted primarily on the basis of a change in viscosity occumng with the change in hematocrit (25) . There was no change in the proportion of cardiac output directed to this group of tissues which, taken as a single organ, accounts for over 50% of cardiac output. Renal blood flow remained remarkably constant throughout the range of hematocrits studied. This is similar to the findings in the fetal lamb (1) with the exclusion of the changes seen during fetal hypoxemia. Experiments performed on adult rats suggest an increase in renal blood flow during anemia (3) but the experimental protocols differ greatly from the present study. The lack of a clear increase in blood flow in the present study is reflected in the linear relationship between the delivery of oxygen and hematocrit. As is the case for the carcass, blood flow is not tightly controlled in order to maintain a constant oxygen delivery. No attempt was made in this series of experiments to examine the redistribution of renal blood between the cortex and medulla. The importance of this has been discussed by Migdal et al. (27) .
The findings for hepatic blood flow and oxygenation are in agreement with our overall understanding of the hepatic circulation. The liver of the newborn assures an adequate oxygen availability by varying extraction rather than relying on blood flow and oxygen delivery (27) . In the lamb, portal blood flow accounts for 80-90% of total hepatic perfusion. Thus, changes in gastrointestinal perfusion due to either the effects of viscosity or circulatory adjustments directly influence portal blood flow. We have previously shown (27) that intestinal blood flow is constant when the hematocrit is varied over the present range of values. The decreased hepatic blood flow at the higher hematocrits most likely represents the effects of viscosity, but there may be some degree of vasoregulation of flow. The small contribution of arterial blood flow to total hepatic perfusion precludes a meaningful analysis of changes in the arterial blood flow with increasing hematocrit using the present methodology. Comparable data on human infants are not available. The ability of the liver to markedly increase oxygen extraction during periods of decreased oxygen availability has been shown in a number of experimental situations (27) . The present data demonstrate that a similar mechanism operates during anemia with extractions as great as 80% occumng at the lowest hematocrits. We are unable to prove experimentally any interference with hepatic oxygenation within the range of hematocrits studied. While substrate delivery may well be affected at higher hematocrits (thus, contributing to disturbances in glucose and bilirubin metabolism), oxygen availability seem less likely to be the limiting factor. Although the methodology employed in the present study relies on the assumption of adequate mixing of blood in venous streams, the data are at least consistent with known hepatic physiology and have been verified using independent methods (28) .
The integrated response of the newborn to changes in hematocrit functions to assure adequate tissue oxygenation. Two major patterns of adaptation can be seen. The brain and heart vary blood flow with substantial increases occurring during anemia-an adjustment that provides an adequate delivery of oxygen over a wide range of hematocrits. The influence of changes in viscosity may be relatively small. Admittedly, the elevated hematocrits obtained in the present experiment were not as high as is seen in the clinical care of the newborn, but they were nearly twice the normal hematocrit of newborn lambs and were in a range where hyperviscosity occurs experimentally (19) . The vast majority of the remaining organs respond to a change in hematocrit by either varying oxygen extraction or oxygen consumption. Since the present methodology did not allow for measuring individual organ oxygen consumption other than the liver, no statement can be made as to whether the needs of each organ were met by the utilization of increasing oxygen extraction. The finding of a decreasing whole body oxygen consumption at the lower hematocrits would certainly suggest some effect on oxygen consumption in at least some of the organs. This degree of adjustment was adequate to prevent the development of systemic acidemia.
